This paper presents a numerical study analyzing the effect of pulsating flow in a variable geometry radial inflow turbine. The turbine behavior is analyzed under isentropic pulses, which are similar to those created by a rotating disk in a turbocharger test rig. Three different pulse frequencies (50, 90 and 130 Hz) and two pulse amplitudes (100 and 180 kPa) were considered. Turbine flow was studied throughout the pressure pulsation cycles in a wide range of off-design operating conditions, from low pressure ratio flow detachment to high pressure ratio choked flow. An overall analysis of the phasing of instantaneous mass flow and pressure ratio was first performed and the results show the non-quasi-steady behavior of the turbine as a whole as described in the literature. However, the analysis of the flow in the different turbine components independently gives a different picture. As the turbine volute has greater length and volume than the other components, it is the main source of non-quasi-steadiness of the turbine. The stator nozzles cause fewer accumulation effects than the volute, but present a small degree of hysteretic behavior due to flow separation and reattachment cycle around the vanes. Finally, the flow in the moving rotor behaves as quasi-steady, as far as flow capacity is concerned, although the momentum transfer between exhaust gas and blades (and thus work production and thermal efficiency) is Email address: galindo@mot.upv.es, pabfape@mot.upv.es, ronagar1@mot.upv.es, luiga12@mot.upv.es (J. Galindo, P. Fajardo ( * ) , R. Navarro and L.M. García-Cuevas) Preprint submitted to Applied Energy September 7, 2012 affected by a hysteretic cycle against pressure ratio, but not if blade speed ratio is considered instead. A simple model to simulate the turbine stator and rotor is proposed, based on the results obtained from the CFD computations.
Introduction 1
Axial, radial and mixed-flow turbines are used in all kinds of power-plants, 2 ranging from the large turbines used in aircraft propulsion and steam turbines field of the system studied. Zhang et al. [2] performed a numerical analysis 10 to optimize turbine blades and analyze their effect on efficiency and thereby 11 showed the suitability of CFD for turbomachinery design.
12
Turbocharging is one of the most important technologies for the automo- 
Numerical Model

73
The computations were performed using ANSYS-FLUENT v12. imposed.
101
Although a VGT was analyzed in this study, the angle was kept constant 102 to reduce the number of parameters. In the same way the rotational speed of 
Mesh Information
107
The 3D mesh used for the computations is shown in Fig. 1 . The main 108 difficulty when dealing with real geometries is to achieve an appropriate mesh.
109
The authors opted for a non-conformal mesh built from a combination of 
119
The difference found in the last two meshes is about a 1.5 % in torque 120 and less than a 0.4 % in pressure ratio. The mesh for the pulsating compu-
121
tations cannot be as fine as Grid 4 in the accuracy study, due to the too long 122 computational time. The grid number 3 has been therefore used. 
Case configuration
124
The solver used was the ANSYS-FLUENT v12 pressure based coupled 125 solver. The convective terms were discretized using a second-order upwind 126 at Section 1 (see Fig. 1 
Pulsating flow results
186
A parametric study was carried out to quantify the influence of pulse 187 amplitude and frequency on turbine behavior during pulsating conditions.
188
For the sake of simplicity, the pressure pulses set at the inlet were considered 189 to be sinusoidal. was done to ensure that the turbine was working at the same corrected speed.
212
The results are therefore not the same as the ones presented in Figure 2 . 
Overall behavior 214
The first analysis of the pulsating results was devoted to quantifying 215 the shift in mass flow rate produced by the accumulation and wave effects. The pulsating simulations were set-up from a previously converged case using 219 steady boundary conditions (but transient due to the rotor mesh movement).
220
From the figure it can be seen that at least a complete period of the pulse is 221 needed to ensure that a periodic solution is reached.
222
It can be said that the main source of phase-shift is clearly the volute.
223
This seems a reasonable assumption since it is the section in which the flow 224 spends most time, as it has a larger characteristic length than nozzles or 225 rotor. This effect can be justified using the Strouhal Number, which by 226 definition represents the ratio between a characteristic flow and excitation 227 times.
228
The characteristic length of the volute is bigger than that of the rest of the slightly with the frequency of the pulse, with a value around 0.0011 seconds.
234
The second effect that can be extracted from the plots is the influence of 235 the plenum in the outlet section of the turbine (see Fig. 1 ). In the 130 Hz Another fact that has to be pointed out is the pressure found at the to 5 is also included in this plot to take into account the mixing losses at the 257 rotor outlet. The figure also supports the conclusion that the unsteady effects 258 can be neglected within the impeller, due to its small characteristic length.
259
The difference between steady and pulsating flow in the rotor is even lower 260 than in the nozzle section. As has been mentioned above, the definition of since the volute outlet will be affected by a larger portion of the pulse. is that even though the pressure ratio is the same, the total pressure at the 294 stator inlet is not the same in the two operating conditions. In Fig. 9 it has a certain inertia. This can be seen by analyzing the two flow fields in under study does not have a considerable expansion at the rotor outlet.
341
The quasi-steady assumption is not fulfilled if the evolution of rotor torque 342 with local pressure ratio is considered. However, it can be seen that torque
343
can correlate better with inflow conditions at the rotor inlet. In Figure 11 , the 344 torque evolution with the blade speed ratio at the rotor inlet is presented for 
372
In this paper, the conclusion for the vaned stator is that there is a small 373 hysteretic result partly produced by aerodynamic effects. This variation 374 causes the flow angle at the outlet of the nozzle to change throughout the 375 pulse. However, since the hysteresis is small it is considered to be negligible 376 for the current development of the turbine model. As stated in the preceding 377 section, it was observed that rotor flow capacity behaves in a quasi-steady 378 manner, so that it could be computed using a zero-dimensional throat model.
379
In the case of the generated torque, it does not behave as quasi-steady if it 380 is presented versus the pressure ratio, since it depends on the conditions at 381 the impeller inlet. 
390
The different thermo-fluid-dynamic processes considered in the model are
391
shown in the h-s diagram presented in Fig. 12 .
392
The numeration of the intersections varies due to the intermediate de-
393
posit. To clarify the subscripts notation followed in this section it should be 394 remarked that:
395
• Section 3 corresponds to the stator outlet and Section 4 to the rotor 396 outlet.
397
• The flow entering the plenum is at the same conditions as in section 3.
398
• The flow at the rotor inlet is at the conditions in the deposit (indicated 399 with a V).
400
The different submodels are presented below. 408
where α 3 is the angle between the flow velocity and the radial direction and,
409
as previously mentioned, it changes during the pulse. To simplify this model, nozzle is therefore related to the pressure ratio in the nozzle as
where p V is the pressure of the intermediate reservoir. Equation (3) and the discharge velocity can also be computed from the pressure ratio. In order to model the deposit, it is necessary to define its behavior. The 
The flow entering the deposit comes from the stator (3) while the flow leaving 442 the deposit (V ) will pass through the rotor. Additionally, the ideal gas 
The conservation of energy in the rotating frame establishes that
where w is the relative velocity and u the blade speed or tangential velocity 460 of the rotor, which can be expressed in terms of the rotational velocity. Mass 
The evolution of flow in the rotor can be taken as polytropic, and n is taken 463 as its polytropic coefficient. Therefore, the mass flow rate through the rotor 464 section can be computed as:
where T V tr is the total relative temperature in the plenum, which means 
As previously mentioned, the angle at the stator outlet varies during the 476 pulse, thus changing the incident angle at the rotor inlet. In order to consider 477 the incident losses in the rotor, a simple model is used [35] , which is based on 478 neglecting the contribution of the tangential velocity to the rotor expansion.
479
Since the radial component is the same for relative and absolute velocity, the 480 following equation holds:
This means that while the relative total temperature at the rotor inlet (which 482 is the one at the deposit) can be calculated as:
for the total relative pressure only the radial component of the relative ve-484 locity takes part, that is:
6.1.4. Turbine power
486
The power output from the turbine can be computed as:
T V t being the total temperature at the deposit and T 4t the total temperature 488 at the rotor outlet. The total temperature at the intermediate deposit can
489
be computed as:
The total temperature at the rotor outlet is expressed as:
where T 4 can be obtained from the polytropic expression of the flow in the 492 rotor, and c 4 , the absolute flow velocity, can be obtained from the values 493 of the relative velocity w 4 , the blade velocity u 4 , and the flow angle β 4 .
494
Therefore, there is no need to include an efficiency model. n, and the flow angle, β, at stator outlet and the rotor outlet are needed.
500
The boundary conditions applied to the model are the temporal evolution of 501 the total pressure and temperature at the stator inlet, and the static pressure 502 at the rotor outlet.
503
The objective of this model is to be able to simulate the pulsating behavior 504 of a radial turbine. It is clear that in order to obtain the exact response,
505
the temporal evolution of polytropic coefficients and flow angles is needed. is probably due to the variation of the flow angle at the stator outlet. 
546
In view of these results, the model described in this section is able to 547 reproduce the pulsating behavior of the stator and rotor on a radial turbine.
548
In terms of the elements used, the proposed model is similar to the model also exhibits an additional unsteady behavior, reducing the peak-to-valley 583 amplitude due to non-uniform flow along the volute outlet section.
584
The flow in the nozzle section presents a limited hysteretic behavior in its 585 pulsating flow capacity. This effect could be influenced by various aspects.
586
In the first place, even though the characteristic length (wave action) and 1.25). In the upper one the pressure ratio is decreasing and it is increasing in the lower one. Figure 12: Enthalpy-entropy diagram of the thermo-fluid-dynamic processes considered in the model. The notation used in the diagram is described throughout section 6. 
